Phase formation, glass forming ability, mechanical and thermal properties of Cu50Zr50−xAlx (0x 11.0) glass forming alloys were systematically investigated. The results show that Cu50Zr47Al3 alloy has the best glass forming ability (GFA), lowest fragility index (m) and highest fracture strength. There are B2 CuZr and B19' CuZr phases for Cu50Zr50−xAlx (0x5.0) alloys. B2 CuZr phase disappears and two new phases (Cu10Zr7 and CuZr2) appear when 5.0<Al<8.0. Another new AlCu2Zr phase can be clearly observed when Al  8.0. The glass transition temperature (Tg), the sensitivity of the Tg to the heating rate (B), the activation energy for Tg (Eg) and the m value all increase with increasing Al content. The supercooled liquid region (ΔTx) is larger for Cu50Zr50−xAlx (x5.0) than for Cu50Zr50−xAlx (x>5.0). Cu50Zr50−xAlx (0x4.0) alloys are off-eutectic compositions while near-eutectic compositions for Cu50Zr50−xAlx (5.0x11.0) alloys. The Eg, Ex, and Ep decrease with increasing sensitive factor (β) for the studied Cu-based alloys characterized in the room-temperature brittleness. The dependence of the phase formation and GFA on the Al content is discussed.
INTRODUCTION
Cu-based bulk metallic glasses (BMGs) have been extensively investigated due to their interestingly properties including work hardening [1], martensitic transformation [2] [3] [4] [5] , magnetism [6] , catalytic activity [7, 8] , cryogenic temperature plasticity [9] and room-temperature plasticity [10] [11] [12] [13] [14] , which enable their applications as structural and functional materials.
Cu-Zr binary alloy system is characterized by good glass forming ability (GFA) and wide composition region for the formation of glass alloys [15] . Among Cu-Zr binary glass alloys, Cu 50 Zr 50 alloy is a good glass forming precursor. Although Φ1mm Cu 50 Zr 50 BMG possesses room-temperature plasticity up to ~7.0% [16] , its critical dimension for the formation of glassy state is only Φ2mm by suction casting method [16] [17] [18] . Small critical dimension of Cu 50 Zr 50 BMG limits its engineering application.
Element minor addition/substitution is a well-known method for improving the GFA and other properties of glass forming alloys [6, [12] [13] [14] 19, 20] . For example, Mattern et al. [6] found that a ferromagnetic Gd-enriched nanocluster could form in Cu 50 Zr 50−x Gd x (x=5) metallic glasses due to the phase separation by Gd minor addition. Xi et al. [20] found that Gd minor addition improved the combination of the GFA and the room-temperature plasticity of Cu 46 Zr 47 Al 7 BMG. Ma et al. [12] investigated the effect of substituting Al by Ti on the GFA and the mechanical properties of brittle Cu 46 Zr 46 Al 8 BMG and found that the Ti addition significantly increased the plasticity although the characteristic temperatures including the glass transition temperature (T g ), onset crystallisation temperature (T x ) and supercooled liquid region (ΔT x ) decreased with increasing Ti content. Kuo et al. [13] investigated the effect of V on the phase formation and plasticity in Cu 47. 5 Zr 47.5 Al 5 glassy alloy and found that V minor addition improved the plasticity by doubling the fracture strain to 9.4% in (Cu 47.5 Zr 47.5 Al 5 ) 99 V 1 due to the formation of B2-CuZr precipitates. Recently, Cai et al. [14] found that the substitution of Ti by Ni significantly influences the GFA, mechanical, electrical and thermal properties of Cu 50 Zr 40 Ti 10 glassy alloy.
Many researches have clarified that Al addition can improve the GFA and other properties of Cu 50 Zr 50 BMG [1, 18, [21] [22] [23] [24] [25] [26] . For example, the critical dimension of (Cu 50 Zr 50 ) 100−x Al x (x=0-12) can be increased up to Φ5mm by Al addition [18, 22] . The T g , T x , ΔT x , hardness, and elastic modulus (E) all increase with increasing Al content for (Cu 50 Zr 50 ) 100−x Al x (x=0-8) [23] . Under the same size (Φ2 mm), the room-temperature plasticity is 4 times larger for (Cu 50 Zr 50 ) 95 Al 5 BMG (~16% [1, 22] ) than for Cu 50 Zr 50 BMG (~4% [22] ). The T x , yield strength (σ y ) and fracture strength (σ f ) of the micron-sized (Cu 50 Zr 50 ) 100−x Al x (x=0, 2, 4, 6) metallic glassy wires increase with increasing Al content [24] . However, there are few reports for the effect of the substitution of Zr by Al on Cu 50 Zr 50 glass forming alloy [26] . It was found that the T g , σ f , and hardness of Cu 50 Zr 50 BMG were decreased by the substitution of Zr by Al, and inversely for the E, Debye temperature (θ D ), and shear modulus (G) [26] .
In the present work, we systematically investigate the effect of the substitution of Zr by Al on the phase formation, GFA, thermal and mechanical properties of Cu 50 Zr 50 glass forming alloy.
EXPERIMENTAL
Master ingots of Cu 50 Zr 50−x Al x (0x11.0) alloys with normal compositions, as shown in Table 1 , were prepared by arc melting the mixture of ultrasonically cleaned high purity Cu (99.99%), Zr (99.99%), and Al (99.99%) in a Ti-gettered argon atmosphere. Then Φ2mm samples were prepared by suction casting into a water-cooled Cu mold. Ribbon samples were prepared by melt spinning at a wheel speed of 30 m s −1 . The glassy natures of the as-cast samples were characterized by X-ray diffraction (XRD) using an XD-3A diffractometer with Cu-Kα. The thermal analyses for the fully amorphous ribbons were investigated by DSC-404C differential scanning calorimeter (DSC) at heating rates of 10, 20, 25, 35 K min −1 , respectively. Room-temperature uniaxial compression tests were performed on Φ2×4 mm samples with a gauge aspect ratio of 2:1 using an Instron 3369 testing machine at a primary strain rate of 1×10 −5 s −1
. Two polished end surfaces of the samples for the compression tests were parallel each other and vertical to the symmetry axis. Polished cross sections for Φ2mm samples were etched by 10 wt.% FeCl 3 solution for 10 s to expose the microstructures. Microstructures and fracture morphologies of Φ2mm samples were observed by scanning electron microscopy (SEM). Compositions of the phases were analyzed by electron dispersive spectroscopy (EDS). Amorphous structure of Φ2mm Cu 50 Zr 47 Al 3 was examined by selected area electron diffraction (SAED). The black dots in all studied Cu-based alloys belong to the corrosion pits whose composition is almost the same as the matrix. Fig. 3 presents DSC curves of Cu 50 Zr 50−x Al x (3.0x8.0) fully amorphous ribbon alloys at heating rates of 10, 20, 25, 35 K min −1 , respectively. It is found that there is only an exothermal peak corresponding to crystallization procedure for these alloys in the studied temperature region. 
RESULTS
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The characteristic temperatures including T g , T x , ΔT x , and crystallization peak temperature (T p ) were carefully determined. The relationships between the characteristic temperature and the B are shown in Figs 4a-d, respectively. These characteristic temperatures increase all with increasing B except for the ΔT x . As shown in Fig. 4a , the T g increases with increasing Al content for all studied heating rates, which is similar with the results for the effect of Al addition on Cu-Zr-Al amorphous alloys [18, 23, 25, 27] . As shown in Fig. 4b for all studied B. Although the dependence of the ΔT x on the B and the Al content is more complex than that of the T x (see Fig. 4c ), the ΔT x is larger for Cu 50 Zr 50−x Al x (x5.0) than for Cu 50 Zr 50−x Al x (x>5.0). It indicates that the thermal stability is higher for the former than for the latter. However, researches indicate that the T x and the ΔT x increase with increasing Al content for (Cu 50 Zr 50 ) 100−x Al x (3.0x8.0) amorphous alloys [18, 23] . In addition, the T p , respectively. As shown in Table 1 , the ΔH x increases with increasing Al content when Al4.0 and 6.0Al8.0, while inversely for 4.0Al6.0. On the other hand, the melting curves at a heating rate of 10 K min −1 are shown in Fig. 5a . The values of the solidus temperature T m , liquidus temperature T L and T L −T m are listed in Table 1 . As shown in Fig. 5a and Table 1, The activation energies for T g , T x and T p (E g , E x , and E p ) are calculated by Kissinger equation [28] and listed in Table  1 . The dependence of E g , E x , and E p on Al content is shown Table 1 . It can be found that the m values of the studied Cu-based alloys increase with increasing Al content, indicating that these Cu-based metallic glasses are more and more fragile according to Angell's point [29] . In addition, the dependence of the characteristic temperature (T g , T x and T p ) on the lnB was investigated and it was found that the characteristic temperature (T g , T x and T p ) and the lnB can be well fitted by the Lasocka's equation [30] : T = α + βlnB (T is the characteristic temperature, α and β are constants). Obviously, β can reflect the sensitivity of the characteristic temperature to the B. The higher the β, the more is the sensitivity of the characteristic temperature to the B. The β values for T g , T x and T p are listed in Table  1 and the relationships between the β and the Al content are shown in Fig. 7a . As shown in Fig. 7a and Table 1 , the β g decreases with increasing Al content, indicating that the sensitivity of the T g to the heating rate decreases with increasing Al content. The β p almost maintains the same when Al6.0 at.% and sharply increases when Al6.0 at.%, indicating that the sensitivity of the T p to the heating rate is stronger for Cu 50 Zr 50−x Al x (x6.0) alloys than for Cu 50 Zr 50−x Al x (3.0x6.0) alloys. However, the dependence of β x on the Al content is more complex than that of the β g and β p .
Nevertheless, the β x is larger for Cu 50 Zr 50−x Al x (x6.0) alloys than for Cu 50 Zr 50−x Al x (3.0x6.0) alloys, indicating that the sensitivity of the T x to the heating rate is stronger for the former than for the latter. More interestingly, both β x and β p have the smallest values for Cu 50 Zr 50−x Al x (x=6.0) alloy, indicating that the sensitivity of the T x and T p to the heating rate is the lowest for Cu 50 Zr 44 Al 6 alloy among all studied Cu-based alloys. The relationships between the activation energy and the β were also investigated (see Fig. 7b ). Obviously, the activation energy decreases with increasing β for all studied Cu-based alloys, which is similar to Cai's results for Zr-Al-Ni-Cu BMGs [31] .
Mechanical properties of the studied Cu-based alloys were investigated by room-temperature uniaxial compression tests at a primary strain rate of 1×10 −5 s −1 . Stressstrain curves are shown in Fig. 8 and the corresponding mechanical properties are listed in Table 1 . It is found from Fig. 8 that all studied Cu-based alloys display room-temperature brittleness. As shown in Table 1 and Fig. 8 , the fracture strength (σ f ) is higher for Cu 50 Zr 50−x Al x (x=1.0, 3.0, Al content (at.%)
Figure 6 Relationships between activation energy and Al content. [12, 23, 24, 26, 32] . The magnitude of the veinlike patterns is more for Cu 50 Zr 47 Al 3 alloy (see Fig. 9b ) than for Cu 50 Zr 50−x Al x (4.0x8.0) alloys (see Fig. 9c ), indicating that the amorphization is higher for the former than for the latter.
DISCUSSION
As shown in Fig. 1 , the substitution of Zr by Al significantly influences the GFA and phase formation of Cu 50 Zr 50−x Al x (0x11.0) alloys. It is well-known that the GFA of the glass forming alloy is related with the atomic size, type and electronegativity, and interaction among the atoms. The atomic radius is 0.128 nm for Cu, 0.162 nm for Zr, and 0.143 nm for Al, respectively. The electronegativity is 1.9 for Cu, 1.4 for Zr, and 1.5 for Al, respectively. The mixing enthalpy is −23 kJ mol −1 for Cu-Zr, −44 kJ mol −1 for Al-Zr, and −1 kJ mol −1 for Al-Cu, respectively [33] . According to Inoue's empirical rules [33] , the magnitude of the alloy elements in the present Cu-based alloys increases from two to three by Al addition, leading to the increase of mixing entropy. Al addition results in the increase of the size difference and negative mixing enthalpy among the atoms. 
